The effect of long-term mixed-waste contamination, particularly uranium and nitrate, on the 28 microbial community in the terrestrial subsurface was investigated at the field scale at the Oak 29
INTRODUCTION 48
Terrestrial subsurface ecosystems comprise one of the largest habitats for 49 microorganisms on Earth, and represent a globally important resource of microbial diversity 50 (26). Microorganisms in the terrestrial subsurface provide critical ecosystem services that 51 as the difference between NO x and nitrite concentrations. Dissolved ammonium was determined 115
colorimetrically (8). 116
Sediment sampling. Sediment cores were sampled from the saturated zone of the ORIFRC site 117 using a Geoprobe equipped with polyurethane sleeves lining the corer. Cores were sampled from 118 two boreholes from the most highly contaminated area (Area 3; adjacent to the former S-3 119 ponds) on Products, Grass Lake, Michigan) and stored anaerobically in gas-tight containers at 4°C prior to 124 overnight shipment to Florida State University. Soluble and solid-phase geochemistry (i.e. pH, 125 nitrate, sulfate, Fe(II) and Fe(III)) were determined as described previously (See supplementary 126 information in 25). Uranium concentrations in sediment sections from FWB124 were measured 127 using a Niton XLp 700 series Environmental Analyzer (Thermo Scientific). 128
Extraction of nucleic acids from groundwater and sediment samples. Genomic DNA was 129 extracted from filtered groundwater samples using the Mo Bio PowerWater® DNA Isolation Kit 130 (Mo Bio Laboratories, Inc., Carlsbad, CA) according to the manufacturer's instructions. 131
Genomic DNA was extracted from FB107 and FWB124 sediment sections using the Mo Bio 132
PowerSoil® DNA Isolation and UltraClean® Mega Soil DNA Isolation Kits. 133
Total RNA was extracted from frozen filters shipped on dry ice from the ORIFRC site. 134
Frozen filters were initially cut in half, and half was stored at -80°C. The remaining half of the 135 filter was aseptically cut into small pieces, distributed between six sterile, pre-cooled 2 mL tubes 136 and extracted using a protocol previously described by Chin et al (15) . Following RNA 137 extraction, contaminating DNA was removed using a DNAse I treatment (Ambion, San 138
Francisco, CA). RNA extracts were verified to be free of contaminating gDNA by direct PCR 139 amplification of the extracts. Reverse transcription reactions were performed using GoScript 140
Reverse Transcriptase following manufacturer's protocol (Promega, Madison, WI) with the 141 bacterial primer 907R (Supplemental Table 1) . 142
Quantitative PCR. Genomic DNA (gDNA) and complementary DNA (cDNA) from subsurface 143 samples were used as templates for quantitative PCR (qPCR) amplification of bacterial small 144 subunit (SSU) rRNA genes, according to the protocol described by Nadkarni et al. (39) 145 (Supplemental Table 1 ). A new primer set was developed to target SSU rRNA genes from 146 bacteria of the genus Rhodanobacter (Supplemental Table 1 ), and these primers were used with 147 the probe developed for domain-level bacterial qPCR analyses (39). The forward primer targets 148 most known Rhodanobacter sequences and a broad but non-systematic range of beta-and 149 gamma-Proteobacteria. The reverse primer is highly specific to the family Xanthomondaceae 150 (21), and in combination, the two primers produce a primer set specific to the genera 151
Rhodanobacter, Dyella and Luteibacter. The Rhodanobacter primers were designed to have 152 similar annealing properties to the general primers described by Nadkarni et al. (39) , and the 153 qPCR was performed as described, with the exception that the annealing temperature was raised 154 to 63ºC from 60ºC. Standard curves were derived from PCR products generated by near-full 155 gene amplification of SSU rRNA genes using the general bacterial primer set 27F/1492R 156 (Supplemental Table 1) . 157
In addition, a novel primer set targeting one of the genes encoding for a copper-158 containing nitrite reductase (nirK) present in some members of the genus Rhodanobacter (25) 159 was developed (Supplemental Table 1 ). The primer sites were chosen based on conserved 160 regions of the nirK gene detected from the draft genome of R. denitrificans strain 2APBS1 161 (http://genome.jgi-psf.org/rho_2/rho_2.home.html) and a similar nirK gene detected in a 162 metagenome generated from genomic DNA extracted from the ORIFRC site groundwater well 163 FW106 (27) . In silico analyses revealed that in combination, the two primers were exclusive to 164 R. denitrificans strain 2APBS1, when compared to the Genbank non-redundant database. This 165 primer set was used for qPCR using a SYBR green assay. Standard curves were derived from 166 PCR products generated by partial gene amplification of the nirK gene from R. denitrificans 167 strain 2APBS1 using the primer set RhNirK-B-14F and RhNirk-B-784R (Supplemental Table 1) . 168
All quantitative assays were performed using the ABI StepOne Real-Time PCR system, with 169 either SYBR Green PCR mastermix or Taqman Gene Expression mastermix (Applied 170
Biosystems; Foster City, California). 171
Terminal restriction fragment length polymorphism (TRFLP) analysis. TRFLP analyses 172
were performed as previously described (1), with slight modifications. Bacterial SSU rRNA 173 genes were amplified from DNA extracts with the primers 27F/1492, where the 27F primer was 174 labeled at the 5' end with 6-carboxyfluorescein (6-FAM; Applied Biosystems). PCR products 175 were purified and quantified using a NanoDrop 1000 spectrophotometer (ThermoScientific), and 176 30 ng of PCR product from each reaction was digested with the restriction enzyme Bsh1236I (5'-177 CG/CG-3') (New England Biolabs, Beverly, Massachusetts) for 3 h at 37°C. The digested 178 amplicons were recovered by ethanol precipitation, re-suspended in formamide with a ROX-179 labeled size standard, run on an ABI 310 genetic analyzer (Applied Biosystems, Foster City, 180 California) and analyzed using Genescan software. For comparative analysis, all peaks were 181 normalized to total peak area and small peaks representing <1% of the total area were excluded 182
from further analysis. To analyze bacterial community structure, TRFLP profiles from each 183 sample were transformed using log(X+1) to reduce weighting biases of large peaks (43) and then 184 analyzed using a Bray-Curtis similarity matrix, implemented within the software package 185 Primer6 (16). The resulting resemblance matrix was analyzed and visualized using a multi-186 dimensional scaling (MDS) plot and a group average hierarchal cluster dendrogram. A one-way 187 SIMPER test using Bray-Curtis similarity was used to determine which restriction fragments 188 contributed to within group similarity and between group similarities. 189
To identify peaks in T-RFLP profiles, the terminal fragment sizes of peaks were 190 compared to a database of terminal fragment sizes generated in silico for the enzyme Bsh1236I. 191
Predictions of T-RF cut sites were generated using an algorithm developed within the software 192 package Excel (Microsoft, Redmond, USA). A large dataset of bacterial SSU rRNA gene 193 sequences from the ORIFRC site were aligned using the Greengnes NAST aligner (20). The 194 "Greengenes" alignments, fixed to an array of 7,682 positions, were used to identify the location 195 of the forward primer (27F), and the Excel function "search" was used to identify the initial cut-196 site for each enzyme within unaligned sequences. 197
Pyrotag sequencing and phylogenetic analyses. Genomic DNA extracted from 41 filtered 198 groundwater samples was subject to pyrotag sequencing analysis to examine the bacterial 199 community composition and distribution across the watershed. These samples were sequenced 200 by the Research and Testing Laboratories (Lubbock, TX), using primers targeting the V1-V3 201 regions of the SSU rRNA gene (Supplemental Supplemental Table 1 ). Sequence data were 202 processed as described above, and at least 1550 sequences from each groundwater sample were 203 recovered and initially processed through the Ribosomal Database Project (RDP) 204
Pyrosequencing pipeline (17). Sequences were clustered into operational taxonomic units 205 (OTUs) using a 97% sequence similarity threshold using the complete linkage clustering method. 206
Subsequently, representatives of each OTU were classified using the RDP's classifier (51), and 207 confirmed through subsequent BLAST analysis (3) . 208
Genomic DNA extracted from sediment cores was also subject to pyrosequencing 209 analysis using primers targeting the V4 region of the rRNA gene (Supplemental Table 1 ). The 210 sequences from the sediment samples were pooled together and submitted simultaneously to the 211 RDP Pyrosequencing aligner. The aligned sequences were then grouped as described above. The 212 dereplication tool was used to identify representative sequences for each OTU, and the FASTA 213 selection tool was used to retrieve these representative sequences from the total dataset. 214
Representative sequences from all OTUs (97%) identified were aligned using the Greengenes 215 online software package (20). The returned alignments were imported into the software package 216 ARB (37) containing a large database of near full-length, aligned SSU rRNA gene sequences and 217 an associated phylogenetic tree (19). The short sequences (approximately 250 bases) recovered 218 from sediment samples were inserted into the full tree using the ARB parsimony option, 219 implementing a bacterial 50% conservation filter (36). The phylogenetic tree was exported from 220 ARB, and analyzed using the online software package Unifrac (35). Principal coordinate analysis 221 (PCoA) was performed as described previously (34), using weighted and normalized abundance 222
data. 223
Ordination of site geochemical and microbiological data. Geochemical data (with the 224 exception of pH) and qPCR data were transformed to meet assumptions of normality using the 225
Ryan-Joiner normality test (46). For nitrate and oxygen, fourth-root transformations were used, 226 while log-10 transformations were used for uranium and all qPCR data. Transformed data were 227 May 2009 -were assayed using qPCR for total bacteria and for bacteria from the genus 248
Rhodanobacter (Figure 1 ). In total, qPCR data from 35 sampling points were recovered, and 249 these were characteristic of the broad range of subsurface geochemical conditions across the site, 250 ranging from highly acidic and nitrate-rich close to the contaminant source zone (Area 3) to 251 circumneutral with lower contaminant levels (e.g. lower nitrate) down-gradient from the source 252 zone (Area 2). Total bacterial rRNA gene abundance ranged from 2.98E+05 to 1.83E+09 copies 253 per liter of groundwater, while Rhodanobacter rRNA gene levels ranged from 1.82E+03 to 254 3.13E+08 copies per liter of groundwater (Figure 1 ). Although no trend was observed between 255 bacterial rRNA gene abundance and pH, Rhodanobacter rRNA gene abundance was inversely 256 correlated with pH ( Figure 1 ). In the highly acidic near-source zone samples, rRNA genes from 257
Rhodanobacter species accounted for up to 92% of all detected rRNA genes as assessed by 258 qPCR ( Figure 2A ). Although Rhodanobacter rRNA gene abundance was highly variable, and 259 ranged over 5-orders of magnitude, the relative abundance of Rhodanobacter rRNA genes was 260 significantly greater (P<0.004; by independent t test) in groundwater samples with pH below 4 261 relative to samples with pH above 6. In groundwater samples with pH below 4, SSU rRNA 262 genes from bacteria of the genus Rhodanobacter were on average 25.4% of total bacterial rRNA 263 genes (n=16), and 3.2% in groundwater samples with a pH above 6 (n=15) ( Figure 2B ). 264
We previously demonstrated that Rhodanobacter spp. have highly divergent gene 265 sequences encoding for copper-containing nitrite reductases (nirK), and developed novel primer 266 sets to amplify nirK genes from R. denitrificans strain 2APBS1 (25). Here, an additional primer 267 set for quantitative analysis of this gene was developed (Supplemental Table 1 in each of these samples ( Figure 3A-B) . 296
Principal components analysis (PCA) was performed to investigate the effect of 297 measured geochemical variables on gene abundances for groundwater samples ( Figure 3A) . The 298 percent abundance of Rhodanobacter was strongly correlated with uranium concentration and 299 pH ( Figure 3A ; Supplemental Figure 2A ). At the ORIFRC site, groundwater uranium 300 concentration is strongly, though not exclusively, dependent upon pH. For example, a linear 301 regression of log-transformed uranium concentrations (ppm) plotted against pH gave a slope of -302 0.839, with an R 2 of 0.685 (Supplemental Figure 2B) . Unlike the abundance and relative 303 abundance of Rhodanobacter SSU rRNA genes, the absolute abundance of total bacterial SSU 304 rRNA genes and Rhodanobacter-like nirK genes did not correlate strongly with any geochemical 305 variables ( Figure 3A ). Low pH groundwater samples clustered together both in a PCA based on 306 groundwater geochemistry and quantitative analysis of microbial gene abundances as well as an 307 NMDS generated from bacterial TRFLP analyses ( Figure 3A ,B). Although nitrate was weakly 308 negatively correlated with pH at the site (Supplemental Figure 2C) , nitrate concentration was not 309 correlated with Rhodanobacter abundance at the site (Supplemental Figure 2D) . 310 Activity of Rhodanobacter in acidic groundwater. As a proxy for the metabolically-active 311 bacteria, bacterial SSU rRNAs were quantified by qPCR of cDNA generated by reverse 312 transcription of groundwater filter RNA extracts. General bacterial and Rhodanobacter-specific 313 SSU rRNA assays were performed as described above. In all five acidic wells sampled in 314
October 2010, Rhodanobacter rRNAs accounted for greater than 47% of total bacterial rRNAs 315 (Table 1 ). In two of the wells, Rhodanobacter were essentially the only active organisms 316 detected, with greater than 97% of total rRNAs attributable to Rhodanobacter. These findings 317
were verified by direct sequencing of the qPCR products from these reactions (data not shown). 318
Total bacterial rRNA levels ranged from 7.92E+06 to 2.38E+08 copies per liter of groundwater. (Area 3) was recovered from an area of the ORIFRC site subsurface that is heavily impacted by 322 the contaminant plume from the former S-3 ponds. Cores were sectioned from depths ranging 323 from 1.23 to 15.08 meters below surface (mbs), and geochemical and microbiological data from 324 each sampling depth are presented in Supplemental Table 2 . Sediment pH was circumneutral 325 near the surface, and decreased with depth. pH values over the interval 5.77-13.51 mbs were 326 from 3.2 to 4.0, with groundwater nitrate values ranging from 0.14 mM closer to the surface to 327 7.77 mM at depth. The deepest interval, 14.95-15.08 mbs, was highly contaminated with 328 uranium (172 mg/kg) and nitrate (32.04 mM), but the pH was elevated (6.4) due to the presence 329 of carbonate-bearing minerals at this depth (52). Uranium concentrations generally increased 330 with depth, and throughout the core ranged from 4.8 to 196.7 ppm. Levels of Fe(II) were low 331 relative to total Fe (5% or below). Sediment from borehole FB107 (Area 2) was recovered from 332 an area of the ORIFRC site subsurface that is less contaminated. Six core sections within the 333 borehole were analyzed, from a depth of 5.56 to 6.53 mbs. Geochemical and microbiological 334 data from each sampling depth are presented in Supplemental Table 2 . Porewater nitrate was 335 below detection at all depths except the bottommost. Table 2 ). Likewise, bacterial SSU rRNA genes 345 from the genus Rhodanobacter were quantified in these sediments. The abundance of these genes 346 varied from below detection (below 1.2E+03 copies/g, but generally much lower) to 9.96E+06 347 copies per gram sediment, while the abundance of these genes as a proportion of the total 348 bacteria SSU rRNA gene abundance varied from below detection (variable, but substantially 349 below 4%) to 80.9% (Supplemental Table 2 with the qPCR estimates, as observed for the groundwater dataset (Supplemental Table 2 ). 362
The pyrosequence data were used to generate a UniFrac-based principal coordinates 363 analysis (PCoA), demonstrating that the bacterial community structure in the subsurface 364 sediment samples was strongly impacted by interaction with contaminant chemistry (Figure 4) . 365
The samples that were moderately impacted by contaminants (Area 2 samples and A3-D1 and 366 A3-D2 samples) had pH values greater than 5, and were separated largely on Axis 1 from the 367 heavily impacted sediments from Area 3 (A3-D3 to A3-D7; Figure 4A ). Sediment samples from 368 depths below 7 m in the Area 3 sediment core clustered strongly together, despite the lowermost 369 sample having a circumneutral pH. The low nitrate, low pH sample (A3-D3) was separated from 370 the other contaminant-plume impacted sediment samples primarily on axis 2, and from the 371 elevated pH sediments on axis 1 as well, and the sequence library from this sample was largely 372 composed of sequences from bacteria of the genus Rhodanobacter ( Figure 4B) . 373
DISCUSSION 374
Impact of contaminant chemistry on overall bacteria and denitrifying bacteria in the 375 subsurface of a nuclear legacy waste site. Subsurface ecosystems have been termed "extreme" 376 microbial habitats (26), and these results add to a small but growing database that supports this 377 contention in the subsurface of U.S. DOE sites. The contaminant source zone (Area 3) of the 378 ORIFRC site contains low microbial abundance and diversity where subsurface microbial 379 communities are adapted to extremely high contaminant concentrations (low pH, high nitrate, 380 heavy metals, organic contaminants). Within the source zone of contamination, pH values are 381 generally below 4, nitrate concentrations are generally above 10 mM and can exceed 100 mM, 382
and uranium is among the many heavy metals present. In addition, the corrosive nature of the 383 contaminant plume results in the dissolution of aluminum, with aluminum levels exceeding 600 384 mg/L (~22 mM) in some areas (52). In the subsurface close to the source zone, bacterial 385 abundance was previously shown to be exceedingly low, and on the order of 10 2 -10 3 cells/ml 386 and below 10 4 cells/g in the groundwater and sediments, respectively (12, 52). These prior data 387 are consistent with the bacterial levels in the contaminated sediment (~10 4 SSU rRNA gene 388 copies / g sediment) measured in this study. Somewhat higher levels of bacteria were detected in 389 the acidic (pH <4) groundwater in this study relative to prior studies from the site, (generally 10 4 390 -10 6 SSU rRNA gene copies / ml groundwater) (12, 52) . 391
Here we demonstrate that bacteria from the genus Rhodanobacter were by far the most 392 abundant microorganisms detected in the acidic, contaminated subsurface of a nuclear legacy 393 waste site, and pH was the strongest determinant of Rhodanobacter relative abundance in the 394 groundwater. The results were compiled from qPCR, fingerprinting with TRFLP and 395 pyrosequencing of rRNA gene amplicons, and as a result, this study provides one of the few 396 environmental datasets where three such approaches for assessing the microbial community were 397 applied over a large scale. Furthermore, by employing RNA-based analyses, we also provide 398 evidence that the abundant Rhodanobacter sequences represent viable, active organisms, and that 399 under the harshest subsurface conditions -elevated nitrate, uranium and low pH, Rhodanobacter 400 dominate in the native (untreated) groundwater. 401
We had initially hypothesized that conditions in the ORIFRC site subsurface would 402 provide a selective pressure favoring denitrifiers and soil microorganisms that tolerate an acidic 403 and often nutrient-starved environment. In pristine soils and sediments, nitrate concentrations are 404 typically too low to select for large populations of denitrifying organisms, and denitrifiers are 405 thought to rely on aerobic heterotrophy rather than on their denitrification capacity (48) . At the 406 ORIFRC site the elevated levels of nitrate, coupled with low and variable oxygen levels, favor 407 denitrifiers. Denitrifying bacteria have been detected and isolated from the ORIFRC subsurface 408 Betaproteobacterial lineages, though genome-genome comparison reveals that these genes are 452 not syntenic (Supplemental Figure 3) . Conversely, the nitrous oxide reductase (nosZ) gene and 453 associated genes from the reductase complex are syntenous with those of closely related 454 Gammaproteobacteria (Supplemental Figure 4) . These data suggest that R. denitrificans strain 455 2APBS1 has acquired its full denitrification capabilities in part via lateral gene transfer events, 456 consistent with similar findings for other genes from the partial Rhodanobacter genome 457 assembled from the FW106 groundwater metagenome (27) . Further testing of this hypothesis 458 will require genome sequencing of additional Rhodanobacter species, including R. thiooxydans. 459
Our results indicate that low pH tolerance is a key physiological capability of the 460
Rhodanobacter lineage that accounts for its success in the subsurface at the ORIFRC site. 461
Rhodanobacter species are detected elsewhere in the site, even when pH is circumneutral, or in 462 non-contaminated areas, indicating their ubiquitous presence, though not elevated abundance in 463 the subsurface. Decades of waste disposal derived from uranium processing has led to acidic 464 subsurface conditions that favor bacteria from the genus Rhodanobacter. Additionally, these 465 conditions may have resulted in a dramatic die-off of other native soil bacteria, leading to 466 conditions favoring lateral gene transfer (27, 38) . In the subsurface sediment from Area 3, the 467 shallowest depth has a level of bacterial SSU rRNA gene sequence diversity consistent with that 468 quantitative PCR data were transformed to meet assumption of normality as described in the text. Sequences were clustered into OTUs with 97% similarity thresholds (4898 defined OTU), and 536 the relative abundance of each OTU for each sample and depth were calculated. The figure  537 shows a plot of the first 2 principal coordinate axes, representing 50.04 and 13.76% of the 538 variation, respectively. Each square represents a single sediment sample, and the concentration 539 of nitrate in these samples in indicated by a color-coded circle. B. Taxonomic affiliation at the 540 phylum-and class-level of sequences from each defined cluster of samples in Figure 1A . 541 Sequences were classified using the Ribosomal Database Project (RDP) classifier, as described 542
in the text. was much tighter at low pH, where groundwater conditions include low pH, elevated nitrate and uranium. Much greater variation was observed in groundwater samples with more elevated pH (>5). A weak negative correlation (slope -0.241; R 2 0.096) with nitrate by pH was also observed ( Figure 2C ), but at elevated pH a wide distribution of nitrate values was observed, giving a very low R 2 value. No correlation between Rhodanobacter abundance and nitrate was observed ( Figure 2D ). All data except pH were logtransformed. (1-6)
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